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the subjective spatial effect of fluctuations delivered over
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ABSTRACT
The subjective spatial effect of noise signals with sinusoidal ITD fluctuations was investigated. Both verbal and
non-verbal elicitation experiments were carried out to examine the subjective effect of the ITD fluctuations with
a number of fluctuation frequencies and fluctuation magnitudes. It was found that the predominant effect of
increasing the fluctuation magnitude was an increase in the perceived width of the sound.
INTRODUCTION
Interaural time difference (ITD) fluctuations are changes over time
of the relative phase between the two audio signals measured at the
ears. If the relative phase fluctuates slowly, the subjective effect is
a change in the perceived position of a sound. However, if the
fluctuations occur at a frequency above a few Hertz, the perception
is no longer movement due to the perceptual effect of ‘binaural
sluggishness’ or ‘localisation lag’ [1, 2]. Grantham and Wightman
researched this effect and found that ITD fluctuations at a rate of
greater than approximately 20 Hz caused the perception of width
or diffuseness instead of movement [3]. Griesinger described the
subjective effect as a ‘stationary source in the presence of a
surround’ [2].
These ITD fluctuations are created in real acoustic environments,
caused by the interaction of a direct source signal with the
reflections from a number of objects or boundaries within that
acoustic environment [4]. Therefore the magnitude of these
fluctuations could be calculated in order to create an acoustic
measurement that correlates with the subjective perception of
acoustic environments, either real or reproduced.
Two measurement techniques that measure these ITD fluctuations
have recently been proposed. The first, the diffuse field transfer
function (DFT), measures the difference between zero-crossing
points in the audio signals reaching each ear to derive the ITD
fluctuations [5]. The second, the interaural cross-correlation
fluctuation function (IACCFF), uses a series of interaural cross-
correlation measurements to achieve the same result [6].
Research into ITD fluctuations has shown there to be a lack of
understanding of the phenomenon. In order to refine these
measurements, a number of experiments need to be undertaken.
This series of papers documents some of the work that has been
carried out to understand the subjective effect of the ITD
fluctuations more comprehensively, and to answer some specific
questions related to the measurement of these fluctuations.
The results of the experiment described in [6] indicated that the
measurement based on the ITD fluctuations correlated with the
three spatial attributes of source width, depth and envelopment.
However, as these attributes were all closely correlated with each
other, it could not be determined whether the subjective effect of
the ITD fluctuations was related to one or more of the examined
spatial attributes, and if so, to which of them.
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Therefore the experiment reported in this paper set out to explore
the subjective effect of audio signals containing ITD fluctuations.
STIMULI
The purpose of the experiment was to elicit the subjective spatial
effect of audio signals containing ITD fluctuations from a number
of subjects. The most accurate method of obtaining this
information was to use stimuli created with specifically controlled
ITD fluctuations. Recorded programme material was considered to
be unsuitable for this task due to the inability to control extraneous
variables. For example, the recording of the programme material
itself introduces a large number of variables such as the musical
extract, the performance, the many attributes of the performance
space, the microphone technique, and any further processing. In
order to limit the variables to solely those under investigation,
audio signals with pre-determined ITD fluctuations were created.
It was considered whether to use musical audio signals or test
signals, such as noise. There are advantages and disadvantages of
both. Musical audio signals are more typical of the type of
programme material that may be produced in an acoustic
environment or through a reproduction system that a measurement
based on ITD fluctuations may be applied to. It may also be that
these create different spatial properties, as they are inherently tonal
and periodic, in contrast to the relatively wideband frequency
range and temporal unpredictability of noise. In addition, musical
signals are more easily recognisable and more pleasant for the
subjects to audition. However, the programme material may
contain recognisable musical instruments that have certain inherent
physical spatial attributes, which would not necessarily be
reproduced correctly due to the addition of artificial ITD
fluctuations. In this case, the subject may be biased by the spatial
characteristics they expect that musical instrument to have.
As an alternative, noise signals are more abstract, less recognisable
and more unpleasant to audition. This means that they are
impossible to compare to a known reference, and the task of
describing the sounds may be more difficult. Nevertheless, the lack
of a known reference means that the subjects would be less likely
to be influenced by an expected spatial effect. As the accuracy of
the elicitation of the perceived spatial effect was most important,
noise signals with specific ITD fluctuations were created for use in
the test.
The stimuli were 2-channel noise-like samples similar to those
used by Grantham and Wightman [3]. This is a series of pairs of
sine tones that are frequency modulated with a sinusoidal
fluctuation signal that is 180º out of phase in one of the pair with
respect to the other. When one of the pair of tones is fed to the left
ear, and the other to the right ear, the frequency modulation results
in a sinusoidal fluctuation in the ITD between the two signals. This
is created by the relative frequency of the sine tone rising and
falling in one of the pair of sine tones with respect to the other,
subsequently causing leading phase and then lagging in each cycle.
The equation for the pair of sine tones is shown below.
l = sin[2πfct + θc + msin(2πfmt)]
r = sin[2πfct + θc - msin(2πfmt)]
where l is the left ear signal
r is the right ear signal
fc is the audio frequency
θc is a random phase component (identical in each ear)
m is the fluctuation magnitude
fm is the fluctuation frequency
When a large number of these pairs of frequency modulated sine
tones are reproduced simultaneously with a range of regular spaced
audio frequencies (fc) and random starting phases (θc), the
subjective effect is similar to a white noise signal. The white noise-
like frequency response is not ideal for the experiment, as the
higher audio frequencies are overly prominent, therefore possibly
masking the ITD fluctuations at lower audio frequencies. This is
especially problematic as research has shown that low audio
frequencies are most important for creating spatial attributes such
as envelopment [7].
Due to this, the selection of values of fc (audio frequency) were
made to create a pink noise-like frequency response (equal power
in each octave band). This gives more equal loudness precedence
to the lower frequencies. Whilst pink noise does not accurately
follow an equal loudness curve, the decision was a compromise of
simplicity versus effectiveness.
Values of fc were used from 40 to 2560 Hz, a range of 6 octaves.
The upper limit was based on previous research that suggests that
audio frequencies above a few kilohertz do not alter the magnitude
of the spatial effect [8]. A large number of pairs of sine tones with
random starting phases (θc) were used in order to minimise the
periodic interaction of the sine tones with each other that cause
monaural amplitude fluctuations. This was a trade-off between
minimising the amplitude fluctuations and the processing time
required. Therefore there were 1000 separate frequency modulated
sine tones in each octave.
Without using an impractical number of separate sine tones it
proved impossible to eliminate the monaural amplitude
fluctuations that were caused by the interaction between the sine
tones. However, they could be made identical for each of the
stimuli by using the same sets of values of fc and θc for each
stimulus. This should minimise the effect of the monaural
amplitude fluctuations as a confounding variable.
Three fluctuation frequencies (fm) were chosen: 5, 10 and 100 Hz.
These were chosen based on the research of Grantham and
Wightman [3] who found that the perception of movement became
less distinct as the fluctuation frequency rose above a few hertz.
The 5 Hz fluctuations were expected to create clearly perceivable
movement. The 10 Hz fluctuations were expected to be in the
transition region, as binaural sluggishness will perhaps cause the
perceptual system to perceive the movement less clearly. Finally,
the 100 Hz fluctuations were expected to be beyond the frequency
at which the fluctuations would be no longer perceivable as
movement due to the binaural sluggishness.
Three fluctuation magnitudes (m) were chosen based on informal
listening by the authors. Three values were chosen: 0.075, 0.15 and
0.3. To understand the meaning of the values of m in terms of a
magnitude of time difference, the maximum ITD for each must be
calculated.
The fluctuation magnitude m in the equations above is also termed
the modulation index and can be defined as
m = Δfc/fm
[9]
The peak phase deviation can then be defined as
dφ = Δfc/fm = m
[9]
The equation has two parts that are modulated 180º out of phase
and presented to the two ears, therefore the peak phase difference
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between the two signals is 2m. The maximum ITD can then be
expressed by the following equation
Maximum ITD = 2m/2πfc
Therefore the maximum ITD created by the above equation is
related to the audio frequency fc. The maximum ITDs of the audio
samples used are shown in Figure 1 to Figure 3.
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Figure 1: Maximum interaural time difference at a range of audio
frequencies for a fluctuation magnitude of 0.3
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Figure 2: Maximum interaural time difference at a range of audio
frequencies for a fluctuation magnitude of 0.15
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Figure 3: Maximum interaural time difference at a range of audio
frequencies for a fluctuation magnitude of 0.075
Figure 1 to Figure 3 show that the equation used to generate the
noise stimuli with the ITD fluctuations cause a larger fluctuation
magnitude in terms of maximum ITD at lower audio frequencies.
This is a deliberate feature of the fluctuations created for the
experiment. Measurements of wide-band transient stimuli in real
acoustic environments showed that ITD fluctuations are created in
real situations with larger maximum ITDs at lower audio
frequencies. Therefore it was logical to mimic this in the creation
of stimuli used in the experiment.
To summarise the stimuli used in the experiment, there were 9
stimuli for audition. They all had the same values of fc and θc, but
different values of m and fm. There were 3 values of m (0.075, 0.15
and 0.3), and three values of fm (5, 10 and 100 Hz). To simplify
reference in later parts of this paper, the stimuli will be referred to
by a number given in Table 1.
m
fm 0.075 0.15 0.3
5 1 2 3
10 4 5 6
100 7 8 9
Table 1: Table indicating the reference numbers of the nine stimuli
used in the experiment together with the associated values of fm
and m.
METHOD
As the stimuli were relatively unusual, informal listening was
carried out by a number of expert listeners in order to determine
what methods of elicitation may be applied. The information
obtained from these subjects indicated that the spatial properties of
the sound samples were very difficult to describe using linguistic
descriptors. This was due to the abstract nature of the stimuli and
the inability to compare the perception to a known reference. This
meant another form of elicitation had to be used.
When choosing the elicitation method, the types of responses that
were required had to be considered. Firstly, it was required that the
responses would be in terms of perceived location and dimensions,
and it was not expected that any other spatial attribute would need
to be communicated. Secondly, it was possible that the perceived
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auditory scene would consist of more than one component1 and
therefore the elicitation method needed to be able to accommodate
this. Thirdly, it was expected that most of the scene components
would be perceived to be either within the head or close to the
head. Finally, it was expected that the scene would contain both
stationary and moving components.
Based on the research outlined in [10], it was decided that a non-
verbal sketch-map method of elicitation would be most suitable.
Firstly, as the required responses were all spatial, involving
positions, movements and dimensions of perceived auditory scene
components, the research indicated that the subjects might find it
simpler and more accurate to communicate these attributes non-
verbally, as opposed to describing the positions in words.
Secondly, as there may have been more than one component
whose attributes needed to be communicated for each stimulus, it
was necessary that the non-verbal elicitation technique could show
the responses already given. This would allow the subject to
compare the response of a component already described with the
response currently being given. This should have reduced the error
that may have occurred if the subject was required to remember
how they responded previously to a particular part of the auditory
scene. This meant a pointing technique would be difficult to
implement, as it would be complicated to provide an indication of
the attributes previously described. An alternative would be a
sketch-map drawing technique.
Thirdly, as it was expected that most of the scene components
would be perceived to be either within or close to the head then it
would be difficult to indicate and record this by using a pointing
technique. Therefore, representation on a plan view would be
preferable.
Finally, the elicitation method had to allow the ability to describe
the attributes of both moving and stationary scene components.
This again would be most simple to achieve using a sketch map
technique.
However, there are some unique problems with the use of a sketch
map technique. Firstly, there is the problem of the translation of an
essentially egocentric three-dimensional experience onto a two-
dimensional plan view. An amount of error may be introduced in
this translation, depending on the ability of the subject to make the
mental transformation.
Secondly, it has been found that spatial attributes that are
perceived egocentrically and description using a plan
representation may be open to systematic errors introduced by the
externalised egocentre [11]. These errors may be due to the
parallax error caused by the difference between the perceived and
represented egocentres, and due to the possible methods that the
subject employs to calculate angles from the reference points.
In addition, many of the scene components were expected to be
perceived within or close to the head, which brings additional
complications. For example, it has been shown that humans find it
difficult to judge size within or near to the head [12]. This may
have caused additional error in the experiment.
Even though it appears that the use of a sketch-map elicitation
technique may have been less accurate than a pointing method, the
                                                                       
1 For this paper the term ‘scene component’ has been used instead
of the more common terms of ‘sound source’ or ‘sound object’.
This is to differentiate that in reproduced sound the source of the
sound is in fact usually loudspeakers or headphones, and that for
more abstract signals such as noise, separate components may be
perceivable with different attributes, though they are part of the
same ‘object’.
accuracy required for this elicitation task was less than one may
need for a simple localisation experiment. Particularly as the aim
in this case was to discover the overall impression of the
perception, rather than a particular precision of localisation. In
addition, the loss of accuracy was counteracted by the ability to
describe a whole auditory scene, and the ability to give distances
and sizes of scene components rather than a single location. Also,
the differences expected between the stimuli were large enough for
absolute accuracy not to be essential. However, the potential
inaccuracies were taken into account when analysing the results.
EXPERIMENT SET-UP
User interface
In addition to the more general factors apparent in all experiments,
specific considerations were required during the planning of this
experiment. These were based on the research outlined in [10]. The
main considerations applied to the user interface for the elicitation
of the graphical results. For this experiment, the user interface and
subject response method was computer-based. For this purpose, a
custom graphical user interface and stimulus playout programme
was written in MATLAB. The response area showed a plan view
on the left, and a side view on the right. The views were laid out to
be most natural to the subject’s viewpoint. Had this not been the
case, then the subject would have had to mentally rotate the
response area to match their perspective, possibly introducing
more errors as reported in [13].
To eliminate external visual and audible distractions, the
experiment was carried out in a darkened ITU-R BS 1116 [14]
standard listening room. No visible external distance markers that
the subjects could use for reference were available, apart from the
visual display unit. Therefore the reference points for the scaling of
distance were based on human dimensions. The scale markers
outside the head were those of outstretched fingertip and elbow
distances. These were approximate circles due to the uneven
distance from a centre point of these distance metrics, and the
difficulty of judging distance to a visual marker behind the head.
A compromise was made between the maximum distance that
could be depicted to scale on this plan view, and the detail that
could be represented within the head due to its size. The
outstretched fingertip was the limit of the scale, as it was not
expected that there would be any responses outside this area.
However, in case any of the subjects perceived a scene component
to be more distant than this, they were asked to draw the response
outside the line that denotes the fingertip distance, though not to
scale.
The subjects were given the option of two ‘pens’ that represented
different types of responses, a red pen to denote stationary scene
components, and a blue pen to denote moving scene components.
In addition there were five different pen widths to denote a range
of scene component sizes. If the widest pen was insufficient, a
larger filled area could be drawn.
The user interface, as shown in Figure 4, had play buttons for each
of the nine sound samples. Clicking on these buttons would play
the sound, open the associated response screen and save any that
had previously been worked on. The user interface also contained
delete, clear and close buttons.
The sketching technique was intended to be as natural as possible
for the subjects and therefore they could give the responses using a
pen and graphics tablet instead of a mouse. This enabled the use of
a more natural and familiar sketching technique. The user interface
was shown on both the computer monitor and on the graphics
tablet. The responses drawn using the graphics tablet were shown
MASON ET AL. AN INVESTIGATION OF ITD FLUCTUATIONS: PART 1
AES 1
on the
displa
selecte
displa
Physic
The ex
S/PDI
02R m
Tascam
The si
The p
as the
experi
the he
each t
must 
simula
frequeFigure 4: Graphical user interface as used in the experiment10TH CONVENTION, AMSTERDAM, NETHERLANDS, 2001 MAY 12–15 5
 computer monitor. Switching between stimuli reloaded and
yed any responses that had previously been given for the
d stimulus. The graphics tablet and computer monitor
y were set up for the experiment as shown in Figure 5.
al set-up
periment was run on a PC containing a soundcard with an
F output. The S/PDIF output was plugged into a Yamaha
ixer for conversion to AES/EBU, and then connected to a
 DA-30 for D/A conversion and headphone amplification.
gnals were replayed over Sennheiser HD-545 headphones.
lace-replace repeatability of the headphones was examined,
 subject might have required a break if the elicitation
ment took a long time. For this, the frequency response of
adphones was measured five times, removed and replaced
ime on a KEMAR head. The results are shown in Figure 6. It
be noted that the KEMAR ear canal and occluded ear
tor caused a majority of the variance in the measured
ncy response.
Figure 5: Experimental set-up in listening room
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As can be seen in Figure 6, apart from the low audio frequency
range of one of the measurements, there was little difference
between the five measurements across the frequency range of the
stimuli (40 to 2560 Hz). Therefore there should have been minimal
physical effect from the subject removing the headphones to take a
break.
The audio extracts were replayed at 90dB SPL linear average as
measured with the headphones positioned on a KEMAR head with
occluded ear simulators. The replay level was chosen based on
listening. The loudness was increased until the samples could be
heard clearly by the authors without having to strain to hear the
detailed effects.
Loudness alignment
As all the stimuli had a frequency response of within ±0.1 dB at all
1/3rd-octave bands, it was found that no additional loudness
alignment was required.
EXPERIMENT PROCEDURE
The subjects were asked to describe the spatial attributes of the
stimuli using a sketch map method on the graphical user interface.
The experiment consisted of a training session followed by two
experimental runs. The same nine stimuli were used in each run,
though arranged in a different order each time. The subjects could
listen to the stimuli in any order and take as much time as needed.
The duration of each stimulus was 5 seconds, and they could be
played an unlimited number of times. The subjects were given a
rest of a day or two between the training session and each
experiment run. The subjects were given no information about the
stimuli they were auditioning. They were also not informed that
each test run contained the same nine stimuli.
The training involved a number of elements. Firstly, the subjects
were given instructions on how to use the graphical interface and
computer-based response method. This was followed by examples
of how various sound positions might be drawn. The authors were
careful to limit any bias that might be incurred, but it was
necessary to give the subjects an indication of the types of
responses that were possible. The examples depicted various types
of moving and stationary stimuli with a variety of spatial attributes.
Finally, the training concluded with a practice run of the test. This
was to enable the subjects to become familiar with the stimuli, to
encourage them to consider how they might draw the graphical
responses, and to give them experience of using the user interface.
As the experiment was an expert elicitation exercise, only 4
carefully selected subjects were used. They were selected for their
knowledge and experience in audio engineering – two were
graduates of the University of Surrey Sound Recording degree
programme and two were final year students of the course. Only
experienced subjects were used because they are more familiar
with analysing the attributes of auditory stimuli and therefore are
likely to be more consistent and sensitive than inexperienced
subjects. In addition, it is likely that inexperienced subjects would
require additional training – a procedure that could bias their
responses.
The experiment was quick to complete, taking approximately 45
minutes for the training and stimuli familiarisation, and then
approximately 30 minutes on average for a test run. This was
considerably less than had been expected.
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Figure 6: 1/3rd-octave smoothed FFT plot of the frequency response of the left Sennheiser HD-545 headphone and left ear of KEMAR head
and torso simulator with occluded ear simulators for 5 iterations of removing and replacing headphones as measured using a maximum length
sequence system analyser (MLSSA).
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RESULTS
For simplicity, the stimuli are referred to by a reference number in
the analysis. The respective values of fluctuation frequency (fm)
and fluctuation magnitude (m) of each numbered stimulus are
shown in Table 1.
Visual analysis
The first stage of the analysis involved the examination of density
plots made from the data of all subjects and all test runs. As two
different pen types were used to indicate responses representing
moving or stationary scene components, it was convenient to
analyse these separately. Therefore the density plots were
separated out by stimulus and whether the response depicted a
moving or stationary scene component.
Density plots are a summation of the data from a number of
subjects or test runs. They can be used when the subject has drawn
points or areas to represent a scene component.  For each test run,
a response in a particular area of the response sheet is counted as a
1. A number of these response sheets are summed to give a density
plot. If two response sheets include a response at the same point
they sum to give a value of two. If more or less response sheets
have responses at a certain point, then they sum to give the
respective value.
The use of density plots reduced the 72 separate response sheets to
18 density plots, therefore simplifying comparison. It gave an
overall impression of the data, and helped to uncover any obvious
trends prior to further analysis. The density plots are shown in
Figure 7 to Figure 24. For all the density plots, the darker the
shading, the more responses at a particular point.
A measure of the similarity between each of the response sheets in
the density plot (rep) [10] is included in each of the plots. This was
calculated for each density plot using the following equation.
( )∑
∑
=
=
−
−
= N
n
n
N
n
n
AN
An
rep
1
1
1
)1(
An = area of response with a density level of n
N = number of summed response sheets
If the separate responses that make up the density plot are very
similar, then the resulting value will be close to 1. However, if the
separate responses that make up the density plot are very different,
then the resulting value will be closer to 0. The value ‘NaN’
indicates that there are no responses depicted in the response sheets
that make up that density plot.
Density plots of the responses depicting moving scene
components
The density plots were created using all the responses that depicted
moving scene components. For two experimental sessions for all
four subjects, this gave eight sets of responses in all. The plots are
shown in Figure 7 to Figure 15.
rep = NaN
Figure 7: Density plot of the responses depicting moving scene
components given for stimulus 1 (fm = 5 Hz, m = 0.075) including
the similarity statistic (rep).
rep = 0.15246
Figure 8: Density plot of the responses depicting moving scene
components given for stimulus 2 (fm = 5 Hz, m = 0.15) including
the similarity statistic (rep).
rep = 0.20516
Figure 9: Density plot of the responses depicting moving scene
components given for stimulus 3 (fm = 5 Hz, m = 0.3) including the
similarity statistic (rep).
rep = NaN
Figure 10: Density plot of the responses depicting moving scene
components given for stimulus 4 (fm = 10 Hz, m = 0.075) including
the similarity statistic (rep).
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rep = 0.068512
Figure 11: Density plot of the responses depicting moving scene
components given for stimulus 5 (fm = 10 Hz, m = 0.15) including
the similarity statistic (rep).
rep = 0.10992
Figure 12: Density plot of the responses depicting moving scene
components given for stimulus 6 (fm = 10 Hz, m = 0.3) including
the similarity statistic (rep).
rep = NaN
Figure 13: Density plot of the responses depicting moving scene
components given for stimulus 7 (fm = 100 Hz, m = 0.075)
including the similarity statistic (rep).
rep = NaN
Figure 14: Density plot of the responses depicting moving scene
components given for stimulus 8 (fm = 100 Hz, m = 0.15) including
the similarity statistic (rep).
rep = NaN
Figure 15: Density plot of the responses depicting moving scene
components given for stimulus 9 (fm = 100 Hz, m = 0.3) including
the similarity statistic (rep).
The most obvious conclusion from these response plots was that no
movement was perceived in stimuli 7, 8 and 9, the sound samples
with a fluctuation frequency of 100 Hz. This was expected as the
research into binaural sluggishness has shown that the human
auditory system is unable to perceive the movement of sources
above a certain rate. Also of interest was that no movement was
perceived in stimuli 1, 4 and 7, the sound samples with a
fluctuation magnitude of 0.075. This was mostly likely due to the
fluctuations of this magnitude being too small to trigger a
perception of movement using this stimulus.
For the other four stimuli (2, 3, 5 and 6) where movement
responses were given, there was a visible trend. It appeared that the
larger the fluctuation magnitude, the wider the perceived
movement. This was indicated by the area of greatest density
widening, but was not the case for the few responses that were
depicted as being relatively wide for all the four stimuli. Therefore
this needed to be examined further by individual subject.
The difference between the fluctuation frequency in these four
stimuli seemed to be related to the definition and clarity of the
movement. The fluctuations at a rate of 5 Hz seemed to be more
continuous from the left to right extremes of movement. The
repeatability statistics were also higher for the moving responses
given for the stimuli with the 5 Hz fluctuations compared to the 10
Hz fluctuations, indicating that the responses for the 5 Hz stimuli
were depicted more similarly.
There were some large differences however, especially in the
responses to the sound samples with a fluctuation frequency of 10
Hz. There were a small number of responses that showed a
movement in front of the head whilst most were within the head. In
addition, one of the responses showed an unexpected vertical
movement that was unlike any of the other responses. The
responses for the sound samples with a fluctuation frequency of 5
Hz showed less variation, possibly because the movement was
more clearly perceivable.
Density plots of the responses depicting stationary scene
components
The density plots were created using all the responses that depicted
stationary scene components. For two experimental sessions for all
four subjects, this gave eight sets of responses in all. The plots are
shown in Figure 16 to Figure 25.
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rep = 0.49329
Figure 16: Density plot of the responses depicting stationary scene
components given for stimulus 1 (fm = 5 Hz, m = 0.075) including
the similarity statistic (rep).
rep = 0.19189
Figure 17: Density plot of the responses depicting stationary scene
components given for stimulus 2 (fm = 5 Hz, m = 0.15) including
the similarity statistic (rep).
rep = 0.15158
Figure 18: Density plot of the responses depicting stationary scene
components given for stimulus 3 (fm = 5 Hz, m = 0.3) including the
similarity statistic (rep).
rep = 0.44925
Figure 19: Density plot of the responses depicting stationary scene
components given for stimulus 4 (fm = 10 Hz, m = 0.075) including
the similarity statistic (rep).
rep = 0.27829
Figure 20: Density plot of the responses depicting stationary scene
components given for stimulus 5 (fm = 10 Hz, m = 0.15) including
the similarity statistic (rep).
rep = 0.074284
Figure 21: Density plot of the responses depicting stationary scene
components given for stimulus 6 (fm = 10 Hz, m = 0.3) including
the similarity statistic (rep).
rep = 0.5366
Figure 22: Density plot of the responses depicting stationary scene
components given for stimulus 7 (fm = 100 Hz, m = 0.075)
including the similarity statistic (rep).
rep = 0.24608
Figure 23: Density plot of the responses depicting stationary scene
components given for stimulus 8 (fm = 100 Hz, m = 0.15) including
the similarity statistic (rep).
MASON ET AL. AN INVESTIGATION OF ITD FLUCTUATIONS: PART 1
AES 110TH CONVENTION, AMSTERDAM, NETHERLANDS, 2001 MAY 12–15 10
rep = 0.074783
Figure 24: Density plot of the responses depicting stationary scene
components given for stimulus 9 (fm = 100 Hz, m = 0.3) including
the similarity statistic (rep).
Stimuli 1, 4 and 7, the sound samples with a fluctuation magnitude
of 0.075, were depicted as being very similar in terms of the
stationary spatial location. In all three cases, the result appeared to
be a diffuse sound centred on the centre of the head. In addition, all
the subjects appeared to agree with this, varying only in the
depicted size of the scene component.
The most obvious differences in the stationary responses were for
stimuli 7, 8 and 9, the sound samples with a fluctuation frequency
of 100 Hz. As the fluctuation magnitude increased, the size and
diffuseness of the responses appeared to increase. However, the
apparent diffuseness of the response for stimulus 9 was due in part
to the difference between the responses. This was shown by the
very low value for the repeatability statistic. It appeared that there
was a perceived expansion of the scene components, though this
needed to be examined further by individual subject.
The individual responses to stimulus 9 differed widely as some
were depicted as externalised and some were not, some were
depicted as being in front, some behind, and some all around. It
was impossible to tell from the density plots whether these
differences were inter- or intra-subject or both. This needed to be
investigated by looking at the individual plots. Interestingly, only
one response included a scene component located partially directly
above or below, whereas the others were concentrated around the
horizontal plane.
The differences between the responses for the remaining four
sound samples (stimuli 2, 3, 5 and 6) were less clear. It appeared
that at least one response depicted the scene components becoming
larger as the fluctuation magnitude increased, but the other
responses suggested that there was little change due to the
fluctuation magnitude for the two lower fluctuation frequencies.
Examination of raw response sheets
As mentioned above, some of the trends that were apparent in the
density plots needed to be confirmed by examining the original
response sheets. It would be impractical to include all 72 response
sheets in this paper, so the only visual results included are the
density plots. However, the responses given on the raw data sheets
needed to be analysed.
Again, the analysis was carried out by examining the responses
depicting moving and stationary scene components separately.
The simplest analysis was to see whether the each of the response
sheets for each stimulus contained a response depicting either a
moving or stationary scene component. This is shown in Table 2.
Stimulus Number of response
sheets indicating a
moving scene
component
Number of response
sheets indicating a
stationary scene
component
1 0 8
2 8 7
3 8 7
4 0 8
5 8 8
6 8 8
7 0 8
8 0 8
9 0 8
Table 2: Number of response sheets indicating a stationary or
moving scene component for each of the nine stimuli.
It was apparent from Table 2 that for 7 out of the 9 stimuli there
was complete agreement between the eight response sheets (2
experimental sessions for 4 subjects) about whether moving or
stationary components could be perceived. One subject on one of
the experimental sessions did not depict a stationary scene
component for stimuli 2 and 3. However, as they did depict a
stationary scene component on the other experimental session, it
was unlikely that this was a significant result.
As can be seen in Table 2, for stimuli 1, 4, 7, 8 and 9, no responses
depicting moving scene components were given. The reasons for
this were discussed above. It is interesting to note that for stimuli
2, 3, 5 and 6, both moving and stationary scene components were
depicted. As all of the subjects depicted this, it is likely that there
was more than one component to the sound. It is unclear why there
was a stationary component as all the auditory stimuli contained
ITD fluctuations, and this should be investigated further.
Further investigation of the raw response sheets showed that in
nearly all of the responses depicting moving scene components for
stimuli 2, 3, 5 and 6, the moving response was depicted to be wider
for the stimuli with a larger magnitude of fluctuations. There was
only one exception as one subject in one case judged the scene
component to be moving vertically, and in the other cases depicted
little difference in the widths of the moving scene components.
In nearly all of the responses for stimuli 2, 3, 5 and 6, the moving
response was depicted to have less continuous lateral motion at the
10 Hz fluctuation frequency compared to the 5 Hz fluctuation
frequency. This was the case for three of the subjects, the fourth
confusing the lateral movement with a vertical movement on one
repetition, as mentioned above. However this may also have been
an indication of the movement being perceived less clearly.
Excluding the response in which the movement was depicted to be
vertical, it was apparent that the subjects did not represent the
trajectory of the movement in the same way. Two of the subjects
depicted the movement to be always inside the head, moving
between the two ears. One of the subjects depicted the movement
to be mostly inside the head and moving between the ears, though
for some of the responses the movement was depicted as following
the line of the back of the head. The final subject depicted the
movement along a variety of trajectories, including some in front
of the head, some behind the head, and one around the back of
head.
For stimuli 1, 2, 3, 4 and 7, most of the responses depicting the
stationary scene components were similar in perceived location.
The size of the scene component differed slightly between the
subjects, mostly with the trend of a smaller size depicted at higher
fluctuation magnitudes. This might be because the stationary scene
components were masked by the moving scene components for
MASON ET AL. AN INVESTIGATION OF ITD FLUCTUATIONS: PART 1
AES 110TH CONVENTION, AMSTERDAM, NETHERLANDS, 2001 MAY 12–15 11
these stimuli. However, one of the subjects did depict the
stationary scene component as expanding with increasing
fluctuation magnitude, especially at a fluctuation frequency of 10
Hz.
What was unclear in the density plots was whether the stationary
scene components for stimulus 9 were depicted as being wider than
the stationary scene components for stimulus 7 in all cases.
Examination of the raw response data showed that in all cases it
was depicted as being wider, and in most cases was also depicted
as being deeper.
The stationary scene components of stimulus 9 were represented
very differently by the subjects. One of the subjects depicted it as
centred on the egocentre with little externalisation. The second
subject depicted it as always outside the head, once in front and
once behind. The third subject depicted it to be always behind and
around the head, whilst the final subject depicted it as once all
around the head and once at the sides of the head. Stimulus 8 was
mostly depicted in a similar manner to stimulus 9, though usually
smaller and closer to the egocentre.
Similarity statistics
The results of the similarity statistics, mentioned briefly above,
were analysed in greater detail. Firstly the data from all the
subjects and test runs were examined, separated by stimulus and
response type. This is shown in Table 3.
Stimulus Moving Stationary
1 - 0.49
2 0.15 0.19
3 0.20 0.15
4 - 0.45
5 0.07 0.28
6 0.11 0.07
7 - 0.54
8 - 0.25
9 - 0.07
Table 3: Similarity statistics for all subjects and test runs, separated
by response type and stimulus.
It is apparent that there was a large range of values in the data,
from 0.07 to 0.54. In addition, two trends were apparent. Firstly,
the responses depicting moving scene components appeared to
have a lower repeatability at the higher fluctuation rate. Secondly,
it appeared that the similarity of the stationary responses reduced
as the fluctuation magnitude increased at all of the fluctuation
frequencies tested.
The data was explored further by separating the data by individual
subject. This is shown in Table 4. 1m refers to the responses
depicting the moving scene components for stimulus 1 and 1s
refers to the responses depicting the stationary scene components
of stimulus 1, etc.
Subject 1 Subject 2 Subject 3 Subject 4 Ave
1m - - - - 0.00
1s 0.47 0.50 0.31 0.74 0.50
2m 0.48 0.56 0.28 0.58 0.48
2s 0.58 0.08 0.52 0.00 0.29
3m 0.27 0.74 0.21 0.65 0.47
3s 0.77 0.05 0.60 0.00 0.35
4m - - - - 0.00
4s 0.63 0.71 0.60 0.72 0.67
5m 0.39 0.68 0.00 0.54 0.40
5s 0.79 0.22 0.59 0.67 0.57
6m 0.74 0.17 0.00 0.58 0.37
6s 0.00 0.10 0.45 0.50 0.26
7m - - - - 0.00
7s 0.75 0.72 0.75 0.83 0.76
8m - - - - 0.00
8s 0.34 0.29 0.00 0.70 0.33
9m - - - - 0.00
9s 0.03 0.49 0.00 0.75 0.32
Ave 0.48 0.41 0.33 0.56 0.44
Table 4: Similarity statistics for all subjects and test runs, separated
by response type, stimulus, and subject.
The range of the averages for each subject was relatively small –
from 0.33 to 0.56. Within that, most had at least one very poor
repeat. Therefore, it appeared that the subjects had fairly similar
consistency.
These data were used to examine the results outlined above more
closely. In 6 out of the 8 cases, the repeatability of the moving
component of the 5 Hz samples was higher than for the 10 Hz
samples. Therefore it may be that the movement of the 10 Hz
samples was less easily discernible. In 7 out of the 12 cases, the
repeatability of the stationary response lowered as the fluctuation
magnitude increased. As this was a relatively low proportion, it is
likely that the large variance in the repeatability statistics for all the
subjects above was due to a difference between the individual
subject responses.
DISCUSSION
Discussion of results
The non-verbal elicitation experiment uncovered a number of facts
about the perceived spatial attributes of the noise stimuli with
various sinusoidal ITD fluctuations. Firstly, it confirmed the
research into binaural sluggishness as the stimuli with a fluctuation
frequency of 100 Hz created a perception of stationary scene
components with no perceivable movement. Secondly, as the
fluctuation frequency increased from 5 Hz to 10 Hz, the movement
appeared to become less clearly perceivable and less continuous in
its motion. Thirdly, it appeared that the trend for stimuli with a
fluctuation frequency of 10Hz or less was that the width of the
perceived movement increased as the fluctuation magnitude
increased. Finally, the major difference between the fluctuation
magnitudes at the highest fluctuation frequency was an enlarging
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of the stationary scene components, mostly in terms of depth and
width.
However, it was difficult to describe the sketch map results in
words. The drawn attributes could be described in verbal language
(terms such as width and height), however more qualitative terms
(such as envelopment) could not necessarily be interpreted from
the non-verbal results.
One of the most important results in this study was the elicitation
of the subjective spatial effect of the ITD fluctuations beyond the
fluctuation frequency at which there was no longer a perception of
movement. This was the result of the responses to stimulus 9. The
density plot of this stimulus is shown in Figure 25.
It was apparent that the subjects responded differently to this
stimulus. This may have been due to one of a number of reasons.
Firstly, it could be that each of the subjects perceived the stimulus
to be the same, but responded differently to each other. It was
noted in the Method section above that the use of the sketch map
technique might have introduced errors due to the depiction of a
three-dimensional egocentric perception on a two-dimensional plan
view. However, the errors which may have resulted from this were
not consistent with the differences between the responses to
stimulus 9. In addition, the authors considered it unlikely that the
differences between the responses were due to the response
technique, as the sketch-map method was relatively simple, and the
subjects were quite consistent with some responses.
Secondly, it may have been caused by the noise stimuli, which
were unusual and dissimilar to any naturally occurring sounds that
the subjects may have experienced. This meant that the sounds had
no reference to which they could be compared. Therefore it may be
that the subjects were faced with a task of describing an unknown
quantity using the available parameters. This could have forced the
subjects to attempt to recognise the sound as having properties
similar to a more natural auditory event, and therefore perceive and
describe the sound as having more plausible characteristics. If the
subjects were forced to put the unknown perception into a known
category, each subject may have carried out the categorisation
differently, and this may have caused the difference.
Thirdly, it might have been due to the binaural sluggishness being
a learned response, developed to cope with the confusing amount
of reflections created in modern living environments. It may be
that soon after birth humans are able to perceive fast-changing ITD
fluctuations as movement. However, as young children grow more
aware of their environment they begin to realise that the confusing
perceived movement caused by ITD fluctuations created by the
acoustic environment is not a property of the sound source.
Therefore the perceptual system may have learnt to disregard
implausible fluctuations, causing them to be perceived as
environment-related attributes, as opposed to source-related. This
may mean that the fluctuations created in real acoustics are
perceived as properties of the reverberation. The presentation of
the ITD fluctuations, without any of the other cues related to the
perception of an acoustic, may have caused the stimuli to be
perceived differently.
Finally, a number of the subjects commented that they perceived
movement for some of the stimuli at the start of the experiment,
but as they listened to them for a longer period of time, the
movement was no longer perceivable. This adaptation of the
perception of source positions is mentioned in [15]. It may be due
to the implausibility of the stimuli used in the experiment, as
discussed above.
It must be considered how the information elicited in this
experiment can be related to ITD fluctuations created in acoustic
environments. There are a number of major differences that need
to be considered. Firstly, the scene components were apparently
perceived to be mainly located in or around the centre of the head.
This is in contrast to normal listening where the scene components
would usually be perceived to be outside the head. This was
possibly a result of using headphones for the experiment. If
correlated signals are fed to the ears using headphones and no
attempt is made to add cues to aid externalisation such as
reverberation and aspects of head-related transfer functions then
the subjective effect is usually that the sound will be located
between the ears. Therefore it was expected that the stimuli used in
this experiment would be perceived as being located mostly within
the head or centred on the egocentre.
Secondly, the stimuli were continuous noise signals. These are
very dissimilar to how the fluctuations may be perceived in real
acoustics. There may be some situations in which the fluctuations
are created by continuous signals, such as a sustained note,
however these are likely to be tonal and not noise-like. The effect
of transient signals with a reverberant decay have not yet been
examined.
Thirdly, the stimuli contained sinusoidal ITD fluctuations at a
single fluctuation frequency. This is dissimilar to the ITD
fluctuations created by sources in real acoustics, and therefore may
rep = 0.074783
Figure 25: Density plot of the responses depicting stationary scene components given for stimulus 9 including the repeatability statistic.
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be a factor in the subjective effect of the fluctuations.
This means that the results of the experiment may not be directly
applied to ITD fluctuations created in real acoustic environments.
It is likely that the effects of the binaural sluggishness are
applicable, such that no perception of movement will be created
with ITD fluctuations with a fluctuation frequency of 100 Hz.
However, the elicited spatial attributes, including the position and
dimensions of the scene components, may not be the same as those
resulting from naturally created ITD fluctuations.
Therefore the subjective effect of ITD fluctuations created in a
manner more similar to real acoustics or reproduction systems
needs to be examined, including externalised source components,
transient signals with reverberant decays, fluctuations created by
tonal signals, fluctuations in the early or late part of the sound, and
more complex ITD fluctuation patterns.
Discussion of experimental method
The use of the sketch-map method was unusual and therefore it is
worth considering the effects of this technique for elicitation of
spatial attributes. The subjects found the user interface easy to use,
and agreed that this technique was simpler than undertaking a
solely verbal elicitation experiment. However, the subjects did feel
limited by only having a graphical response, and requested paper
on which to write notes and verbal descriptors to accompany the
drawn responses.
The analysis reported in this paper principally consisted of visual
examination of the graphical responses. Some of the other analysis
techniques described in [10] were attempted but did not uncover
any additional information and therefore were not reported. The
major problem with the analysis was the lack of verbal descriptors
from the experiment that are inherently required in a written report.
The authors felt that attempting to describe the pictoral responses
in words was like ‘putting words into the mouths of the subjects’.
Therefore, whilst the non-verbal elicitation technique of a sketch-
map response was very useful for eliciting spatial attributes from
the subjects, it was found that it would be beneficial to use the
technique in combination with a verbal elicitation experiment.
VERBAL ELICITATION
A small verbal elicitation experiment was carried out as part of the
following experiment (reported in [16]). As part of the
familiarisation section of the training for that experiment, the
subjects were required to describe the difference between the
samples in their own words. The samples were noise signals with
sinusoidal ITD fluctuations at a rate of 100 Hz. Each of the
samples had a different magnitude of ITD fluctuations. These were
all created in the same manner as the stimuli used in the
experiment described above. 22 subjects took part in this verbal
elicitation exercise.
The descriptors were all converted into a linguistic form that would
fit in the sentence ‘P is _______ compared to A’ where P was the
sample with the largest fluctuation magnitude and A was the
sample with the smallest fluctuation magnitude. The descriptors
elicited, together with the number of subjects who mentioned
them, are shown in Figure 26.
The words were divided into four main categories that were
arranged in order according to the most occurrences of the words
in each group. The categorisation was carried out by the authors in
an arbitrary manner, therefore it may be that some of the terms
0
1
2
3
4
5
6
7
8
9
10
Elicited words
Dimensions
Position
Envelopment
Acoustics-related
Figure 26: Diagram of words elicited in response to noise stimuli with ITD fluctuations at a frequency of 100 Hz.
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may not be categorised in the manner that the subjects intended.
The first category contained terms that are related to the size of a
scene component. It was apparent that this contained over fifty
percent of the total occurrences of descriptors. Therefore this
implies that this was the most significant change in the subjective
effect. If it was assumed that the term ‘bigger’ was a combination
of ‘wider’ and ‘deeper’ and added to each accordingly, then the
most prominent descriptor would be ‘wider’.
The second category contained the terms describing the position of
the scene component. Both of the terms described a movement of
the scene component from inside the head, to either outside or
behind the head with the increasing fluctuation magnitude. It may
be that the term ‘outside head’ could have been placed in the
envelopment category as the subject may have meant that the
sound was all around outside the head. However, this was not
explicitly mentioned.
The third category contained terms related to envelopment or being
surrounded by the sound. This was an attribute that may have been
implied from the sketch-map responses, but could not be
confirmed without the verbal elicitation experiment.
The final category contained the remaining terms that may be
related to an impression of an acoustic space. These were terms
which may be used to describe the reverberation of an acoustic
environment and therefore may be multidimensional in their
nature. This means that they may imply more than the simple
unidimensional spatial attributes such as width or depth, and are
more evocative and simile-based than they are analytical.
Even though this simple verbal elicitation experiment was not as
formal as a strict Repertory Grid [17] or Quantitative Descriptive
Analysis [18] experiment, useful results were uncovered. It
appeared that the most prominent difference between the noise
samples with ITD fluctuations of 100 Hz with a small fluctuation
magnitude and similar noise samples with larger fluctuation
magnitudes was the perceived width of the sound. Some of the
subjects also perceived the source to move behind the head or
become enveloping.
CONCLUSIONS
It was found that the non-verbal experiment was useful for eliciting
certain spatial attributes of the noise samples with various
sinusoidal ITD fluctuations. However, it was apparent that the non-
verbal elicitation experiment needed to be supported by a verbal
elicitation experiment in order to elicit as many details of the
subjective effect as possible.
The non-verbal elicitation experiment showed that in nearly all
cases it appeared that increasing the magnitude of the ITD
fluctuations principally increased the width of the perception,
either the width of the movement or the size of the stationary scene
component. Increasing the fluctuation frequency appeared to have
the effect that the movement was less clearly perceivable. The
extreme of this was that for the stimuli with a fluctuation
frequency of 100 Hz no movement was perceivable, with only a
stationary subjective effect created.
The subjective effect of the ITD fluctuations with a fluctuation
frequency of 100 Hz and the largest fluctuation magnitude tested
appeared to be different for the individual subjects. However, the
trend was that a large stationary scene component was perceived.
Further investigation of noise samples with an ITD fluctuation of
100 Hz using a simple verbal elicitation experiment indicated that
the most prominent effect was a widening of the stationary
component. In addition, some subjects also experienced the sound
component becoming located behind the head with increasing
fluctuation magnitude, and some experienced envelopment.
FURTHER WORK
Whilst this experiment has uncovered some details of the
subjective effect of ITD fluctuations, there is a large amount of
work that still needs to be done in applying the results back to
sound sources in acoustic environments or reproduced sound.
The following experiments will examine the subjective effect of
fluctuations created in a manner more similar to those created
naturally, and attempt to take a step from the more abstract
experiment reported in this paper to a result that can be applied
more readily to more natural listening.
This work will be reported in due course.
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